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Solution structure of a pair of modules from the gelatin-binding
domain of fibronectin
Arnaud A Bocquier†, Jennifer R Potts, Andrew R Pickford 
and Iain D Campbell*
Background: Fibronectin has a role in vital physiological processes such as cell
migration during embryogenesis and wound healing. It mediates the attachment
of cells to extracellular matrices that contain fibrous collagens. The affinity of
fibronectin for native collagen and denatured collagen (gelatin) is located within
a 42 kDa domain that contains four type 1 (F1) and two type 2 (F2) modules. A
putative ligand-binding site has been located on an isolated F2 module, but the
accessibility of this site in the intact domain is unknown. Thus, structural studies
of module pairs and larger fragments are required for a better understanding of
the interaction between fibronectin and collagen.
Results: The solution structure of the 101-residue 6F11F2 module pair, which
has a weak affinity for gelatin, has been determined by multidimensional NMR
spectroscopy. The tertiary structures determined for each module conform to
the F1 and F2 consensus folds established previously. The experimental data
suggest that the two modules interact via a small hydrophobic interface but may
not be tightly associated. Near-random-coil 1H NMR chemical shifts and fast
dynamics for backbone atoms in the linker indicate that this region is unlikely to
be involved in the overall stabilisation of the module pair.
Conclusions: The modules in the 6F11F2 module pair interact with each other
via a flexible linker and a hydrophobic patch, which lies on the opposite side of
the 1F2 module to the putative collagen-binding site. The intermodule
interaction is relatively weak and transient.
Introduction
Fibronectin is an extracellular glycoprotein that is
involved in many important physiological processes. It
exists both as a soluble dimer in plasma and an insoluble
multimer in extracellular matrices (ECM) (reviewed in
[1,2]). As a major constituent of blood clots, plasma
fibronectin plays an important role in wound healing by
binding to fibrin and platelets. It promotes opsonization
and mediates the adhesion and spreading of a variety of
cells on fibrin and collagen. Cell-surface fibronectin seems
to be of fundamental importance for the organisation and
maintenance of tissue architecture. The observation that a
transgenic mouse lacking fibronectin dies during embry-
onic development emphasises the crucial role of
fibronectin in normal development [3]. 
The affinity of cell-surface fibronectin for collagen may
be central to the binding of cells to ECM. Immuno-
fluorescence studies of skin and lung tissues have shown
that fibronectin and collagen are extensively co-distrib-
uted in the pericellular fibrillar matrix [4]. In addition,
fibronectin produced by senescent cells binds to native
collagen with lower affinity and does not support cell
adhesion and spreading [5].
Fibronectin is composed almost entirely of three types of
protein domains (or modules), F1, F2 and F3 [6,7], which
combine to form larger domains containing binding sites
for a variety of molecules, including extracellular and cell-
surface proteins (reviewed in [8,9]). The affinity for colla-
gen and heat-denatured collagen (or gelatin) has been
located in a 40–45 kDa gelatin-binding domain (GBD) that
contains four F1 and two F2 modules [10,11], arranged in
the following order: 6F11F22F27F18F19F1 (where nFX
denotes the nth type X module in fibronectin). Attempts to
further characterise the GBD were carried out on smaller
fragments produced either from proteolytic digests or
recombinant expression. In these studies, gelatin-binding
activity has been reported for various fragments consisting
of the modules 2F27F1 [12], 1F2 and 1F22F2 [13], 6F11F2
and 7F18F1 [14] and 6F11F22F27F1 [15], suggesting both
the presence of more than one binding site and that the
importance of the sites in binding may differ depending on
collagen type [16]. 
Further characterization of the GBD requires high-resolu-
tion structural and binding studies for which nuclear mag-
netic resonance (NMR) spectroscopy is especially well
suited. Previous structural studies of F1 modules from
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fibronectin (7F1, 4F15F1, 1F1, 1F12F1) [17–20] and tissue-
type plasminogen activator (t-PA) F1 [21] and of F2
modules from the bovine seminal fluid protein PDC109
(PDC109b) [22], fibronectin (1F2, 2F2) [23,24] and matrix
metalloproteinase 2 (MMP2) [25] have defined a consen-
sus fold for the single modules. A putative ligand-binding
site has also been suggested for a single F2 module
[22,23]. However, studies carried out on larger fragments
are vital for an understanding of how the modules of the
GBD combine to form an optimal binding surface and,
particularly, whether the putative ligand-binding surface
is accessible in the intact GBD. 
Structures of F1-containing module pairs from fibronectin
[18,20] and t-PA [26] have demonstrated three different
intermodule interfaces for the three module pairs studied.
The solution structure of 6F11F2 described here is the
first structure determination of any fragment containing
both F1 and F2 modules, and provides the only high-reso-
lution structural information to date on how modules are
organised in the fibronectin GBD. The 6F11F2 pair was
expressed from the methylotrophic yeast Pichia pastoris
and studied by NMR spectroscopy. The tertiary structures
determined for each module conform to the F1 and F2
consensus folds established previously. The two modules
interact to bury a small hydrophobic interface that lies on
the opposite side of the F2 module to the putative ligand-
binding site [22,23].
Results and discussion
Expression and purification of 6F11F2
Unlabelled and uniformly 15N-labelled ([u-15N]) 6F11F2
were produced by recombinant expression from the
methylotrophic yeast P. pastoris as described in the Mate-
rials and methods section. The purified 6F11F2 and
[u-15N]6F11F2 were analysed by electrospray mass spec-
trometry and N-terminal sequence analysis. In each
sample, the major component (accounting for greater than
95% of species) yielded a mass consistent with that calcu-
lated from the amino acid sequence.
Spectral assignment
Initial attempts to assign completely the 6F11F2 module
pair using only two-dimensional homonuclear data [27]
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Figure 1
Summary of experimental data used to identify
the secondary structure elements of 6F11F2.
The relative strengths of sequential and
medium-range NOEs (categorised as strong,
medium or weak) are indicated by the width of
the black horizontal bars. NH-CαH coupling
constants (3JHNHα) with values < 5.5 Hz or
> 8.5 Hz are denoted by a white or black
square, respectively. Slowly exchanging amide
protons are represented by black circles.
Chemical-shift indices (Hα-CSI) of values +1
or –1 are represented by black rectangles
above or below the axis, respectively. Three or
more consecutive residues with a positive or
negative index are indicative of a β strand or
an α helix, respectively [29]. The secondary
structure elements of 6F11F2 are represented
by white boxes for β strands A–E (6F1) and
A′–D′(1F2), and a grey box for the α helix.
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were complicated by extensive overlap of the 1H 
resonances. By analysing experiments recorded at 25°C
and 37°C, however, sequential assignment of 95% of the
6F11F2 spin systems was achieved following well-estab-
lished procedures [27]. The spin systems of Gly2, Val5,
Thr6, Glu40 and Ser83 which could not be assigned from
the homonuclear spectra, were unambiguously assigned
from three-dimensional heteronuclear 1H–15N TOCSY
(total correlation spectroscopy)-HSQC (heteronuclear
single quantum correlation) and 1H–15N NOESY (nuclear
Overhauser effect spectroscopy)-HSQC spectra [28]. A list
of the unambiguous assignments obtained for all NH, HN
and Hα resonances, and for most sidechain proton and
nitrogen resonances of 6F11F2 is available as Supplemen-
tary material with the internet version of this paper. 
Secondary structure elements
The secondary structure elements of 6F11F2 were identi-
fied from the intensities of sequential and medium-range
dαN and dNN nuclear Overhauser effects (NOEs), the mag-
nitude of 3JHNHα coupling constants, and the presence of
slowly exchanging HN protons and characteristic non-
random-coil Hα chemical shifts (Figure 1) [29,30]. The
five β strands in 6F1 (A–E) and four β strands in 1F2
(A′–D′) identified from the above criteria were assembled
into antiparallel β sheets using the patterns of interstrand
dαα(i, j), dαN(i, j + 1) and dNN(i – 1, j + 1) NOEs (Figure 2).
The secondary structure of 6F11F2 is consistent with pre-
vious NMR studies of F1 [17–21] and F2 modules
[22–24]. The observation of weak dαN(i, i + 3), medium
dαN(i, i + 4) and strong dNN(i, i + 1) NOEs for residues
Tyr88–Gln92, and Hα chemical-shift indices (Hα-CSI) of
–1 for residues Glu89–Gln92 (Figure 1), suggest that a
single α-helical turn is present in 1F2 analogous to that in
2F2 [24] but which was not detected previously in the iso-
lated 1F2 module [23] because of HN resonance overlap in
the homonuclear spectra. The lack of slow HN exchange
in this region of 6F11F2 suggests that this helical turn has a
lower stability than that in the 2F2 module [24]. The near-
random-coil values for the Hα chemical shifts of residues
41–46 indicate that the linker region does not form a
secondary structure in the pair.
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Schematic representation of the extended regions of (a) 6F1 and (b) 1F2. Sequential and interstrand NOE connectivities are indicated by
double-headed arrows, slowly exchanging amide protons as filled black circles and hydrogen bonds by stacked bars. Names of amino acids are
in single-letter notation.
Experimental restraints and structure calculations
The final round of structure calculations employed 1737
unambiguous and 95 ambiguous interproton distance
restraints, 53 torsion angle restraints (51 φ and 2 χ1 angles)
and 42 hydrogen-bond restraints. Of the 100 structures cal-
culated from randomised starting structures, 55 were
chosen on the basis of their good agreement with the
experimental restraints and their low energy terms
(Table 1). None of the final structures exhibited NOE dis-
tance restraint violations or dihedral angle restraint viola-
tions larger than 0.3 Å or 3°, respectively. The average
Lennard–Jones energy (FL–J) of –199 kcal/mol–1 is indica-
tive of good non-bonded contacts. Figure 3 shows the vari-
ation in the number of NOEs, the root mean square
deviation (rmsd), and the backbone φ and ψ angle order
parameters [31] for the 55 selected structures. As expected,
those residues with the largest number of restraints exhibit
low rmsd and high angle order parameters. No residue with
φ and ψ angle order parameters greater than 0.9 (68.3% of
overall residues) falls within the disallowed regions of the
Ramachandran plot in all accepted structures (data not
shown). Figure 3 also shows the 15N–{1H} NOE values
which give information about the relative mobility of dif-
ferent backbone amide groups. Lower 15N–{1H} NOE
values indicate increased backbone flexibility.
Tertiary structures of the 6F1 and 1F2 modules
The 6F1 module (Figure 4a) comprises a short N-terminal
double-stranded antiparallel β sheet (AB) that folds over a
triple-stranded antiparallel β sheet (CDE). The β sheets
are linked by two conserved disulphide bridges in a 1–3
and 2–4 pattern connecting strands A–D and D–E, respec-
tively. The module core is composed primarily of the
sidechains of two highly conserved aromatic residues,
Tyr12 and Trp18, and a hydrophobic residue, Val36
(Figure 4a). This tertiary structure is similar to other F1
modules: superposition of the backbone heavy atoms (NH,
Cα and C) of 6F1 with those of the 1F1 [19], 4F1 [18], 5F1
[18], 7F1 [17] and t-PA F1 [21] modules results in rmsd
values of 1.02, 0.89, 0.79 and 0.87 Å, respectively. Previous
studies of F1 modules have identified a putative salt
bridge, involving a conserved basic residue in strand C
and an acidic residue in strand A or the A–B loop [21]. In
6F1, Lys20 in strand C is oriented towards the hydro-
phobic core, but Asp7, in the relatively mobile A–B loop,
is poorly defined.
The 1F2 module comprises two double-stranded antiparal-
lel β sheets (A′B′ and C′D′) oriented approximately per-
pendicular to each other with a single α-helical turn
located between strands C′ and D′ (Figure 4b). The cleft
between the β sheets is occupied by the sidechains of
invariant (Phe60 and Trp81) and highly conserved (Leu58,
Tyr62, Phe67, Tyr88, Tyr94 and Phe96) hydrophobic and
aromatic residues. On the opposite side of the second
β sheet, two disulphide bonds link the invariant cysteines,
with connectivities 1–3 and 2–4. The tertiary structure is
similar to previously determined F2 module structures:
superposition of the β-sheet backbone heavy atoms with
those of 1F2 [23], 2F2 [24] and PDC109b [22] yields rmsd
values of 0.72, 1.12 and 1.01 Å, respectively.
The 6F11F2 interface and intermodule linker
Preliminary information regarding the nature of any inter-
face between the 6F1 and 1F2 modules was obtained from
a comparison of proton chemical shifts between isolated
1F2 [23] and 1F2 in the 6F11F2 module pair. Negligible
chemical shift differences (|∆δ| ≤ 0.05 ppm) were observed
for all Hα resonances with the exception of Ala42, the
N-terminal residue in the isolated 1F2 module, suggesting
that the backbone conformation of 1F2 is largely unper-
turbed by the presence of 6F1. Significant sidechain proton
chemical shift changes (|∆δ| > 0.05 ppm) were observed for
only two residues, Pro59 (Hγ1/2 |∆δ| ≈ 0.07 ppm) and Tyr68
(Hε1/2 |∆δ| ≈ 0.1 ppm). In the structure of the isolated 1F2
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Table 1
Structural statistics for the family of 55 final structures of
6F11F2.
Experimental restraints and idealised covalent geometry*
All unambiguous NOE constraints (Å) (1737) 0.0081 ± 0.0003
intraresidue (736) 0.0060 ± 0.0003
sequential {|i–j | = 1} (366) 0.0106 ± 0.0004
short-range {2 < |i–j | < 5} (181) 0.0123 ± 0.0005
long-range (|i–j | > 4) (454) 0.0112 ± 0.0004
Ambiguous (Å) (95) 0.0119 ± 0.0006
Hydrogen bonds (Å) (42) 0.0105 ± 0.0005
Dihedral φ angles, χ1 angles (°) (51, 2) 0.1458 ± 0.0094
Bonds (Å) 0.0012 ± 0.0000
Angles (°) 0.3008 ± 0.0057
Impropers (°) 0.1591 ± 0.0041
X-PLOR potential energies (kcal/mol)*
Ftot 57.89 ± 1.56
FNOE 9.06 ± 0.41
Fdihed 0.06 ± 0.00
Fbond 2.14 ± 0.08
Fangle 36.91 ± 0.78
Fimproper 3.06 ± 0.09
Frepel† 6.64 ± 0.38
FL–J† –198.96 ± 5.04
Atomic rmsds (Å) to minimised energy structure‡
Selection of residues
Secondary structure 6F11F2
(backbone atoms/all heavy atoms) 1.83 ± 0.73/2.03 ± 0.73
Secondary structure 6F1
(backbone atoms/all heavy atoms) 0.47 ± 0.13/0.83 ± 0.13
Secondary structure 1F2
(backbone atoms/all heavy atoms) 0.34 ± 0.08/0.77 ± 0.09
*The number of restraints are given in parentheses; other values are root
mean square deviations (rmsds) ± standard deviation. †Frepel and FL–J
correspond to the simplified and full representation of the non-bonded
energy term. ‡Atomic rmsds were calculated for atoms of secondary
structure elements (6F1: 4–6, 10–12, 17–21, 27–30, 37–39; 1F2:
60–62, 65–67, 80–84, 88–92, 93–97). Analysis of the φ and ψ angles
of the 55 structures using PROCHECK_NMR [61] shows that 92% of
the (nonglycine and nonproline) residues fall within the most favoured or
additionally allowed regions of the Ramachandran plot.
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Figure 3
Summary of the number of NOE restraints,
rmsd values, and φ angle order parameters
displayed by residue number and comparison
with the mobility on the subnanosecond
timescale of backbone amides. (a) The
number of NOE restraints per residue used in
the structure calculations. The stacked bars
represent (from bottom to top, with
progressively lighter shading) the number of
intraresidue, sequential, short-range and long-
range NOEs. (b) The average atomic rmsd
between the 55 accepted structures of the
backbone heavy atoms (solid line) and all
heavy atoms (dotted line for each residue).
The average rmsds were calculated for each
module separately with the script
average_plot.inp supplied with X-PLOR v3.8
[55]. The vertical lines indicate that the
superposition was carried out over each
module separately. (c,d) Angle order
parameters S(φ) and S(ψ) [31]. (e) 15N–{1H}
NOEs of 6F11F2 at 750.1 MHz and 37°C
shown for each residue of the 88 resolvable
resonances of the backbone amides.
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module, these solvent-exposed residues protrude from one
end of the A′B′ β sheet [23] in a position where they might
interact with neighbouring modules. The small number of
affected residues in 1F2 and their low chemical-shift per-
turbations suggested that the two modules interact only
weakly via a small intermodule interface.
Recently, Lee et al. [32] investigated the dynamic proper-
ties of the human immunodeficiency virus-1 (HIV-1)
nucleocapsid (NC) protein which contains a pair of
CCHC-type zinc knuckle domains separated by a short
linker sequence. The structure of the HIV-1 NC protein
had been determined previously [33] but no interdomain
NOEs were found. The use of more concentrated protein
samples and longer mixing times in NOESY experiments
revealed a small number of weak interdomain NOEs [32].
An investigation of the backbone amide dynamics indi-
cated both that the linker region is more flexible than the
knuckle domains on a nanosecond timescale, and that the
domains do not tumble as a single globular domain. In this
case also, only small 1H NMR chemical-shift differences
(|∆δ| < 0.1 ppm) were observed between HIV-1 NC and
the individual domains for aromatic residues in the puta-
tive interface, further indicating the transient nature of the
interdomain interaction.
In our experiments on the 6F11F2 module pair, the observa-
tion of weak intermodule NOEs was facilitated by recording
128 scans per increment in two-dimensional NOESY exper-
iments. This approach was preferred to lengthening the
mixing time [32], to avoid spin diffusion and thus permit
simultaneous calibration of intra- and intermodule NOEs. A
total of 18 weak intermodule NOEs were identified, involv-
ing three hydrophobic residues, Leu19 and Leu28 of 6F1
and Tyr68 of 1F2 (Figure 5). No intermodule NOEs involv-
ing Pro59 were observed suggesting that the chemical-shift
perturbation observed for this residue may be an indirect
effect of the intermodule interface, perhaps due to a differ-
ence in the orientation of the Tyr68 sidechain. 
The modules, although adopting a preferred intermodule
orientation, show a significant degree of freedom relative to
one another. When the structures are superimposed using
residues in either 6F1 or 1F2, the orientation of the other
module is poorly defined. The family of structures super-
imposed over residues in the intermodule interface, most
clearly demonstrates the relative positions of the two
modules in the module pair (Figure 5a). The energy-mini-
mized average structure shown in Figure 5a does not suggest
the existence of a single structure for the pair but it is conve-
nient to illustrate the way the module pair is formed: 1F2
docks onto the triple-stranded β sheet of 6F1, on the oppo-
site side to the double-stranded β sheet, via a hydrophobic
interface. The N and C termini of the module pair are
located on each side of 6F1 with a distance of 32.4 (±0.6) Å
between the Cα atoms of His3 and Cys97 (Figure 6). 
Interproton NOE back-calculations performed on final
structures indicated that the Hα proton of Trp18 should
be near enough to experience cross-relaxation with Hε1/ε2
of Tyr68. These interactions could not be observed at
37°C or 25°C because of overlap in the 1H spectra, but
were detected as very weak NOEs in a spectrum recorded
at 15°C. Seven other weak NOEs are also predicted
between the sidechain protons of Pro59 and Leu19 but
these were not observed. 
The 15N–{1H} NOE data recorded at 750 MHz (Figure 3e)
correlates well, in general, with the secondary structure
elements of the module pair. The comparison of 15N–{1H}
NOE data with the rmsd of the ensemble of 6F11F2 struc-
tures (Figure 3) indicates that, for many residues, the lack
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Figure 4
Representation of individual modules showing
the 20 lowest energy structures superimposed
on the backbone heavy atoms of the β sheets
of the energy-minimized average structure.
(a) The 6F1 module. The disulphide bridges
(Cys4–Cys31 and Cys29–Cys38), the
aromatic residues Tyr12 and Trp18 located in
the core of the structures, and Val36 are
shown in yellow, green and cyan, respectively.
(b) The 1F2 module. The disulphide bridges
(Cys56–Cys82 and Cys70–Cys97), the
invariant residues Phe60 and Trp81 located in
the core of the structures, and the highly
conserved residues Leu58, Tyr62, Tyr88,
Tyr94 and Phe96 are shown in yellow, green
and cyan, respectively. This figure was
prepared using the program Insight v2.3
(Biosym Technologies, Inc.).
of NOEs (Figure 3a) and higher rmsd values (Figure 3b)
can be attributed to backbone flexibility. With the excep-
tion of the N and C termini, the lowest NOE values are
observed for residues in the intermodule linker (residues
41–46), consistent with the lack of observable interactions
between these residues and 6F1 and/or 1F2.
In summary, the weak intermodule NOEs, the small 1H
NMR chemical-shift differences between the 1F2
modules of the single [23] and the pair, and the flexible
linker region observed in the 15N–{1H} NOE experiment
suggest that the intermodule interactions observed may
be transitory, with the calculated structures representing
only a subset of the ensemble of molecules in solution. A
more complete analysis of the dynamic behaviour of the
pair, as given by a detailed study of NMR relaxation para-
meters, has begun in our laboratory.
Comparison with other F1-containing module pairs
The solution structures of the 4F15F1 and 1F12F1 
module pairs from fibronectin [18,20], and the F1 
epidermal growth factor like (EGF) module pair from t-PA
[26] demonstrate three different types of intermodule inter-
faces involving F1 modules. The intermodule interface in
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Figure 5
The solution structure of 6F11F2. (a) Ensemble
of 20 lowest energy structures of 6F11F2. The
β-sheet residues of 6F1 and 1F2 are shown in
green and red, respectively. The structures are
superimposed on the hydrophobic residues
Leu19 and Leu28 (yellow) and Pro59 and
Tyr68 (orange) of the intermodule interface.
(b) Schematic representation of the energy-
minimized average structure of 6F11F2
showing secondary structure elements and
residues involved in the interface. Colours are
as described in (a). This figure was prepared
using the programs Insight v2.3 (Biosym
Technologies, Inc.), MolScript [59] and
Raster3D [60]. Names of amino acids are in
single-letter notation.
Figure 6
Stereoview of the minimized average structure
of 6F11F2 (the orientation is the same as in
Figure 5). Every tenth Cα atom (starting at
residue 10) is coloured in white and is
labelled; amino acids are in single-letter
notation. The sidechain atoms of Trp81, which
is in the putative ligand-binding site, are
coloured in magenta. Other atoms are colour-
coded: C, green; N, blue; O, red; and S,
yellow. This figure was prepared using the
programs Insight (Biosym Technologies, Inc.)
and Showcase (Silicon Graphics, Inc.).
4F15F1 is formed primarily by a non-conserved tryptophan
residue located in the triple-stranded β sheet of 4F1 and
residues in the double-stranded β sheet of 5F1. In addition,
the intermodule linker loops out to interact with residues in
5F1. In 1F12F1 from fibronectin, no intermodule NOEs
were detected, the intermodule linker is flexible and the
relative orientation of the two modules is very poorly
defined. In the F1–EGF pair from t-PA [26] a number of
hydrophobic residues, located on the outer faces of the
major β sheets of each module, are in close proximity with
the linker forming an extra strand of the major β sheet in
the EGF module. In the 4F15F1 and F1–EGF pairs, the
well-defined intermodule interface is relatively large, with
buried surface areas of ~760 Å2 and ~920 Å2, respectively
(energy-minimized average structures; B Marsden, personal
communication); this seems to preclude any independent
motions between the adjacent modules, as was also sug-
gested by 15N relaxation experiments [26,34]. 
A similar analysis of the family of 6F11F2 structures gives a
smaller value of 505 ± 13 Å2 for the buried surface area.
The linker region does not appear to be involved in the
stabilisation or the orientation of both modules (i.e. no
NOEs were observed between the linker and either 6F1 or
1F2) consistent with the fast linker motions implied by the
15N–{1H} NOE experiment. If the linker residues
(Thr41–Thr46) are omitted when calculating the buried
surface area (which seems a more realistic approach for a
flexible linker), the total surface area buried at the inter-
face is only 340 ± 9 Å2.
Sequence alignment of F1 modules [18,19] show that two
residues with a central role in the F1 and EGF interaction
in t-PA (Leu22 and Tyr33) are in a homologous position to
Leu19 and Leu28 in 6F1. No other F1 modules have two
hydrophobic residues in these positions.
Biological implications 
Fibronectin, an extracellular matrix glycoprotein com-
posed of three types of module, has a role in vital
physiological processes such as cell migration during
embryogenesis and wound healing. Fibronectin mediates
the attachment of cells to extracellular matrices that
contain fibrous collagens. Previous studies have shown
that the affinity of fibronectin for native collagen and
denatured collagen (gelatin) is located within a 42 kDa
domain that contains four type 1 (F1) and two type 2
(F2) modules. We report here the solution structure of
the 101-residue 6F11F2 module pair, determined by mul-
tidimensional NMR spectroscopy. Structural studies of
module pairs should provide a better understanding of
the interactions between fibronectin and collagen. 
Previous studies have indicated that hydrophobic inter-
actions are important in the interaction between
fibronectin and gelatin [35]. Studies of the binding of
leucine and isoleucine analogues to the bovine seminal
fluid protein PDC109b identified residues that may be
involved in ligand binding by F2 modules [22]. These
residues correspond to the solvent-exposed aromatic
residues Tyr62, Tyr88, Tyr94, Phe96 and the buried,
invariant, Trp81 in 6F11F2. Although the present study
suggests a distribution of intermodule orientations in the
6F11F2 pair, accessibility to this putative binding site in
1F2 is not hindered by the presence of the neighbouring
6F1 module. Indeed, the 6F1 module is located opposite
to the proposed binding site as if to present it to the
ligand molecule. 
Previous studies based on thermal unfolding of subfrag-
ments 6F11F2, 2F27F1 and 6F11F22F27F1 revealed that
interactions may exist between 6F1 and 7F1 [36].
Although it is not possible to predict 6F1 and 7F1 interac-
tions on the basis of the 6F11F2 pair alone, the close
proximity of the N and C termini of 1F2 [23], which was
also observed in 2F2 [24], is maintained in 6F11F2 and
may allow for a compact structure in the 6F11F22F27F1
fragment. Further interactions generated by the close
proximity of the four modules might contribute to an
overall increase in the rigidity of the 6F11F22F27F1
domain and be of importance in the specificity of the
interaction of fibronectin with collagen. Structural and
dynamical investigations of this four-module domain are
currently underway in our laboratory.
Materials and methods 
Preparation of protein samples
The 6F11F2 module pair, corresponding to residues 274–374 of mature
human fibronectin, was produced by recombinant expression from the
methylotrophic yeast P. pastoris in an analogous fashion to that
described previously for the 1F2 module [23]. [u-15N]6F11F2 was pro-
duced by including 0.2% (w/v) (15NH4)2SO4 in the induction medium as
the sole nitrogen source. Purification of the recombinant protein fol-
lowed the procedures used for the 1F2 module [23] except for the inclu-
sion of an affinity chromatography step on gelatin–Sepharose 4B
(Amersham Pharmacia Biotech) before reverse-phase high-performance
liquid chromatography (HPLC). The identity and purity of the 6F11F2
and [u-15N]6F11F2 were confirmed by electrospray mass spectrometry
and N-terminal sequence analysis. In preparation for NMR spec-
troscopy, lyophilised protein was dissolved in either 99.9% D2O or 90%
H2O/10% D2O to a final concentration of approximately 1.5 mM (for
6F11F2) or 0.9 mM (for [u-15N]6F11F2) and the sample pH adjusted to
4.5 (meter uncorrected for deuterium).
NMR data collection
The spectrometers comprised Oxford Instruments magnets (500.1,
600.2 and 750.1 MHz for 1H) with electronics and probes built in-
house. All spectrometers were equipped with a triple (1H, 13C and 15N)
resonance probe, and the 600.2 and 750.1 MHz spectrometers were
equipped with XYZ gradient coils. All experiments were recorded in a
phase-sensitive manner using the States/TPPI method for quadrature
detection in the indirectly detected dimensions [37]. In all heteronu-
clear experiments, 1H–15N decoupling was achieved using a GARP
pulse-train [38] with a 1.7 kHz decoupling bandwith. 
The following two-dimensional (2D) homonuclear spectra were
recorded at 25°C and 37°C: DQF-COSY [39], scuba-COSY [40], 
E-COSY [41], TOCSY [42] (40 and 60 ms mixing time) and NOESY
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[43] (90 and 150 ms mixing times). Slowly exchanging amide protons
were identified by lyophilising 6F11F2 from H2O, reconstituting in D2O
and recording 2D TOCSY spectra at 25°C or 37°C approximately
10 h later.
The following heteronuclear experiments were recorded at 37°C: 2D
1H–15N HSQC [44], 2D 1H–15N HMQC-J [45], 3D gradient-enhanced
1H–15N NOESY-HSQC (90 and 150 ms mixing times), and 3D gradient-
enhanced 1H–15N TOCSY-HSQC (30.3 ms mixing time) [44,46,47].
The 15N–{1H} NOE [48,49] was measured at 750 MHz and 37°C. Two
2D experiments were recorded, either with (NOE) or without (NONOE)
1H saturation, during the 6.0 s recycle delay.
NMR data processing
Data were processed using the program Felix v2.3 (Biosym Technolo-
gies, Inc.) on Sun Sparc and Silicon Graphics workstations. Data matri-
ces from TOCSY, NOESY and HSQC experiments were processed in
t2 with a Lorentz–Gaussian multiplication (LB = –10–15 Hz and
GB = 0.07–0.15) and a linear baseline correction. A 70–80° phase-
shifted squared-sine bell window function was applied for apodisation
in dimensions other than the acquisition dimension, except for the
HMQC-J experiment where an exponential line-broadening function
was used in t1 (em = –3). COSY experiments were processed with an
unshifted sine bell in t2 and an unshifted squared-sine bell in t1. For the
HMQC-J and 3D experiments, linear prediction was used in t1 for
increased resolution. Chemical shifts were referenced relative to an
external standard, 2,2-dimethyl-2-silapentane-5-sulphonate (DSS; 1H
chemical shift = 0.0 ppm) with indirect referencing in the 15N dimen-
sion using a 15N/1H frequency ratio value of 0.101329118 [50].
Spectral assignment and derivation of experimental restraints
Spectra were analysed using the program NMRView v.3.0.b1 (Merck
and Co., Inc.) on Silicon Graphics Indigo2 workstations. NOE intensi-
ties were measured from a 1H–15N NOESY-HSQC (37°C, 150 ms
mixing time), and 1H–1H NOESY (25°C and 37°C, 90 ms mixing time)
experiments. The NOEs were calibrated using interproton distances in
regions of regular secondary structure, and converted into three dis-
tance restraint categories (‘strong’, ‘medium’ and ‘weak’) with upper
distance limits of 2.8 Å, 3.5 Å and 5.0 Å, respectively. NOEs which
could not be unambiguously assigned, or which were partially over-
lapped, were classified as ‘ambiguous’ and treated independently
during the structure calculation procedure [51].
Backbone φ torsion angle restraints were derived by measuring 3JHNHα
spin–spin coupling constants from an HMQC-J spectrum, processed
to a digital resolution of 0.97 Hz/point in (F1) from cross-sections paral-
lel to F1 using spectral simulations [52]. For those residues with
3JHNα < 5.5 Hz or 3JHNα > 8.5 Hz, estimates of φ angles were obtained
using a modified Karplus equation [53] and included as restraints in the
structure calculations with an error of ± 40°. 3JHαHβ vicinal coupling
constants were measured from an E-COSY experiment in an analo-
gous fashion to that previously described [24] but with a final digital
resolution of 0.12 Hz/point in F2. Estimates for χ1 values were obtained
from the modified Karplus equation [54] and the pattern of intraresidual
HN–Hβ and Hα–Hβ NOEs, and included as structural restraints with an
error of ± 60°. 
Hydrogen-bond restraints were used if an amide proton was identified as
exchanging slowly with the solvent, if it was involved in regular secondary
structure elements, and if the N-H...O distance and O...H-N angle were
less than 2.3 Å and more than 120°, respectively, in at least 70% of the
unrestrained calculated structures [24]. In such cases, two restraints
were added for each hydrogen bond, as previously described [23].
The experimental error in the 15N–{1H} NOE experiment was estimated
by measuring the noise in each spectrum with an in-house Fortran
program (C Redfield, personal communication). The standard deviation
of the NOE value was determined on this basis using Monte Carlo sim-
ulations with an in-house program (J Jones, personal communication).
Structure calculations and analysis
Calculations were performed on Sun Ultra-1 and 1.70 and SGI-O2
workstations. Structures were computed from experimental restraints
using an ab initio dynamical simulated annealing protocol with the
program X-PLOR v3.8 [55] with a similar strategy to that described pre-
viously [24]. The protocol included floating assignment of prochiral
groups [56] and modifications for ambiguous distance restraints [51].
The simulated annealing protocol comprised a search period (60 ps at
2000K with a 2 fs timestep) and two cooling periods (2000–1000K in
40 ps, and 1000–100K in 20 ps with a 1 fs timestep). Two rounds of
structural refinement were performed using a standard X-PLOR proto-
col, modified for inclusion of ambiguous distance restraints. The average
energy-minimized structures of single modules and the pair were gener-
ated with the script average.inp supplied within X-PLOR v3.8 [55] and
subject to 500 and 1000 steps of conjugate gradient minimisation.
Structures were analysed using a Silicon Graphics Indigo2 workstation
with the programs Insight II v.2.3.0 (Biosym Technologies, Inc.) and
Molmol2.4 [57]. The solvent-accessible surface area for each structure
was calculated with the program NACCESS [58] using a sphere
radius of 1.4 Å.
Accession numbers
The coordinates of the 6F11F2 module pair have been deposited in the
Protein Data Bank with accession code 1qo6.
Supplementary material
Supplementary material including a list of assignments obtained for all NH,
HN and Hα resonances and for most sidechain proton and nitrogen reso-
nances is available at http://current-biology.com/supmat/supmatin.htm.
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S1Supplementary material
Table S1
1H and 15N chemical shifts (in ppm) of [u-15N]6F11F2 at 37°C and pH 4.5.
Residue HN NH Hα Hβ Others
Tyr1 – – 4.28 Hβ2/β3 = 3.18/3.11 Hδ1/δ2 = 7.18; Hε1/ε2 = 6.87
Gly2 8.57 111.14 Hα2/α33.89
His3 8.15 116.12 5.20 Hβ2/β3 = 3.23/3.03 Hε1 = 8.50; Hδ2 = 6.94
Cys4 9.22 118.28 4.90 Hβ2/β3 = 3.19/2.91
Val5 8.53 123.47 4.72 Hβ = 1.90 Hγ1/Hγ2 = 0.86
Thr6 8.54 117.66 4.53 Hβ = 4.53 Hγ2 = 0.86
Asp7 8.88 120.94 4.37 Hβ2/β3 = 2.79
Ser8 7.81 112.12 4.50 Hβ2/β3 = 3.98,3.87
Gly9 7.96 110.35 4.09/3.39
Val10 7.07 122.07 3.61 Hβ = 1.52 Hγ1/Hγ2 = 0.78/0.23
Val11 7.84 126.58 4.44 Hβ = 1.68 Hγ1/Hγ2 = 0.78/0.62
Tyr12 8.65 125.63 4.77 Hβ2/β3 = 3.02/2.17 Hδ1/δ2 = 6.30; Hε1/ε2 = 5.93
Ser13 8.14 117.10 4.84 Hβ2/β3 = 3.98/3.85
Val14 7.74 121.68 3.50 Hβ = 1.80 Hγ1/Hγ2 = 0.85/0.78
Gly15 9.36 116.38 4.44/3.55
Met16 7.89 119.40 4.52 Hβ2/β3 = 2.37 Hγ2/Hγ3 = 2.81/2.68; Hε = 2.13
Gln17 8.10 117.02 5.52 Hβ2/β3 = 1.71/1.64 Hγ2/γ3 = 2.28/2.14; Nε2 = 111.81; Hε21/ε22 = 7.21/6.59
Trp18 8.37 119.19 4.63 Hβ2/β3 = 3.10/2.95 Nε1 = 126.76; Hε1 = 9.83; Hδ1 = 6.73; Hε3 = 6.15;
Hζ3 = 6.25; Hη2 = 6.41; Hζ2 = 7.03
Leu19 8.26 123.50 5.16 Hβ2/β3 = 1.62/1.42 Hγ = 1.51; Hδ1/Hδ2 = 0.86/0.77
Lys20 8.95 123.50 4.78 Hβ2/β3 = 1.79 Hγ2/γ3 = 1.35; Hδ2/δ3 = 1.82; Hε2/ε3 = 2.96; Hζ = −; Nζ = −
Thr21 8.68 120.49 4.89 Hβ = 4.03 Hγ2 = 1.14
Gln22 8.66 127.31 4.54 Hβ2/β3 = 1.96/1.78 Hγ2/γ3 = 2.22; Nε2 = −; Hε21/ε22 = −
Gly23 9.07 118.19 3.90/3.62
Asn24 8.67 122.52 4.63 Hβ2/β3 = 2.91 Nδ2 = 111.96 ; Hδ21/δ2 = 7.59/6.82
Lys25 7.86 119.66 4.54 Hβ2/β3 = 1.91 Hγ2/γ3 = 1.42/1.47; Hδ2/δ3 = 1.65; Hε2/ε3 = 2.99; Hζ = −; Nζ = −
Gln26 8.58 122.15 4.81 Hβ2/β3 = 1.93 Hγ2/γ3 = 2.18; Nε2 = −; Hε21/ε22 = −
Met27 8.98 122.01 4.97 Hβ2/β3 = 1.85/1.60 Hγ2/γ3 = 2.27/2.20; Hε = 3.01
Leu28 8.76 123.59 4.57 Hβ2/β3 = 1.66 Hγ = 1.09; Hδ1/Hδ2 = 0.67/0.51
Cys29 9.11 129.26 5.06 Hβ2/β3 = 1.51/0.60
Thr30 8.50 114.88 4.66 Hβ = 3.65 Hγ2 = 1.01
Cys31 8.34 123.36 5.03 Hβ2/β3 = 3.31/3.08
Leu32 8.37 130.66 4.84 Hβ2/β3 = 2.00,1.67 Hγ = 1.54; Hδ1/Hδ2 = 0.87
Gly33 8.67 108.25 3.87/3.55
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Table S1 continued
1H and 15N chemical shifts (in ppm) of [u-15N]6F11F2 at 37°C and pH 4.5.
Residue HN NH Hα Hβ Others
Asn34 7.72 113.97 4.85 Hβ2/β3 = 2.93/2.74 Nδ2 = − ; Hδ21/δ22 = −
Gly35 7.49 108.04 4.46/3.80
Val36 8.38 120.03 4.49 Hβ = 2.04 Hγ1/Hγ2 = 1.20/1.02
Ser37 8.82 121.37 4.74 Hβ2/β3 = 3.61/3.56
Cys38 8.52 125.14 5.49 Hβ2/β3 = 3.05/2.42
Gln39 8.85 120.60 4.61 Hβ2/β3 = 1.92 Hγ2/γ3 = 2.20; Nε2 = 112.34; Hε21/ε22 = 7.69/6.72
Glu40 8.85 124.77 4.59 Hβ2/β3 = 1.99 Hγ2/γ3 = 2.31
Thr41 8.32 116.72 4.45 Hβ = 4.13 Hγ2 = 1.08
Ala42 8.18 125.43 4.47 Hβ = 1.35
Val43 8.16 120.74 4.09 Hβ = 2.03 Hγ1/Hγ2 = 0.94/0.87
Thr44 8.19 119.88 4.39 Hβ = 4.09 Hγ2 = 1.25
Gln45 8.50 124.63 4.55 Hβ2/β3 = 2.07 Hγ2/γ3 = 2.07: Nε2 = −; Hε21/ε22 = −
Thr46 7.84 112.14 5.58 Hβ = 3.86 Hγ2 = 1.13
Tyr47 8.72 115.99 4.75 Hβ2/β3 = 3.05/2.89 Hδ1/δ2 = 6.86; Hε1/ε2 = 6.63
Gly48 8.74 106.54 3.78
Gly49 7.27 108.68 3.35/2.66
Asn50 6.24 119.00 4.62 Hβ2/β3 = 3.12/2.37Nδ2 = 108.4; Hδ21/δ22 = 7.57/7.35
Ser51 7.50 113.15 4.44 Hβ2/β3 = 3.67
Asn52 7.97 118.65 4.09 Hβ2/β3 = 3.06/2.61 Nδ2 = 112.79; Hδ21/δ22 = 7.45/6.71
Gly53 8.84 106.23 3.84/3.17
Glu54 7.22 121.67 4.24 Hβ2/β3 = 2.21/1.72 Hγ2/γ3 = 2.69/2.53
Pro55 – – 4.41 Hβ2/β3 = 2.30/1.83 Hγ2/γ3 = 1.96; Hδ2/δ3 = 3.70/3.57
Cys56 7.91 115.95 4.49 Hβ2/β3 = 2.75/2.37
Val57 8.53 126.29 3.85 Hβ = 1.41 Hγ1/Hγ2 = 0.73/0.64
Leu58 7.64 121.44 4.77 Hβ2/β3 = 1.03/1.05 Hγ = 1.40; Hδ1/Hδ2 = 0.87/0.84
Pro59 – – 4.85 Hβ2/β3 = 1.42/1.14 Hγ2/γ3 = 1.72/1.70; Hδ2/δ3 = 3.66/3.37
Phe60 8.18 113.43 5.34 Hβ2/β3 = 3.63/3.26 Hδ1/δ2 = 7.31; Hε2/ε3 = 6.48; Hζ=6.15
Thr61 8.70 115.45 5.57 Hβ = 4.07 Hγ2 = 1.15
Tyr62 9.10 124.21 5.18 Hβ2/β3 = 3.56/3.02 Hδ1/δ2 = 7.29; Hε1/ε2 = 6.90
Asn63 9.14 128.93 4.18 Hβ2/β3 = 2.91/1.74 Nδ2 = 110.28; Hδ21/δ22 = 7.22/6.57
Gly64 8.63 103.32 4.06/3.60
Arg65 7.82 121.87 4.50 Hβ2/β3 = 1.71 Hγ2/γ3 = 1.48/1.27; Hδ2/δ3 = 3.12; Hε = 6.98;
Nε = 115.04; Nη1/η2 = −;Hη11/η12/Hη21/η22 = −
Thr66 8.04 118.18 4.47 Hβ = 3.66 Hγ2 = 0.73
Phe67 8.95 126.34 4.26 Hβ2/β3 = 2.61/1.02 Hδ1/δ2 = 6.85; Hε1/ε2 = 7.47, Hζ = 7.19
Tyr68 8.75 119.51 4.17 Hβ2/β3 = 3.33/2.55 Hδ1/δ2 = 6.97; Hε1/ε2 = 6.67
Ser69 7.66 112.13 4.43 Hβ2/β3 = 4.00/3.82
Cys70 8.14 113.05 4.60 Hβ2/β3 = 3.55/2.68
Thr71 8.47 116.34 4.75 Hβ = 3.48 Hγ2 = -0.24
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Table S1 continued
1H and 15N chemical shifts (in ppm) of [u-15N]6F11F2 at 37°C and pH 4.5.
Residue HN NH Hα Hβ Others
Thr72 7.89 113.90 4.92 Hβ = 4.44 Hγ2 = 1.08
Glu73 8.46 125.24 4.12 Hβ2/β3 = 2.12 Hγ2/γ3 = 2.55
Gly74 8.82 110.39 4.34/3.80
Arg75 7.74 117.24 4.49 Hβ2/β3 = 2.03/1.88 Hγ2/γ3 = 1.27/1.07; Hδ2/δ3 = 3.03/2.60; Hε = 8.41; Nε = 113.01;
Nη1/η1 = −; Hη11/η12Hη21/η22 = −; Hγ2/γ3 = 2.36/2.20; Nε2 = −; 
Hε21/ε22 = −
Gln76 8.89 121.24 4.48 Hβ2/β3 = 2.24/1.93
Asp77 7.83 116.68 4.49 Hβ2/β3 = 2.98/2.63
Gly78 8.08 107.93 3.92/3.71 Hε1 = 8.60; Hδ2 = 6.93
His79 7.71 117.29 4.40 Hβ2/β3 = 2.76 Hγ = 1.63; Hδ1/Hδ2 = 0.80/0.70
Leu80 8.16 123.10 4.35 Hβ2/β3 = 1.88/1.26 Nε1 = 130.14; Hε1 = 9.87; Hδ1 = 7.26; Hε3 = 6.62; Hζ3 = 5.25;
Hη2 = 5.59; Hζ2 = 6.30
Trp81 9.57 121.73 5.80 Hβ2/β3 = 3.33/2.91
Cys82 8.73 110.20 3.99 Hβ2/β3 = 3.27/2.76
Ser83 3.78 110.96 4.92 Hβ2/β3 = 3.56/3.26 Hγ2 = 0.89
Thr84 8.04 114.93 4.68 Hβ = 4.36 Hγ2 = 1.13
Thr85 7.97 110.36 4.93 Hβ = 4.54
Ser86 8.90 114.63 4.50 Hβ2/β3 = 4.10/3.95 Nδ2 = 111.59; Hδ21/δ22 = 7.40/6.77
Asn87 7.99 120.63 5.15 Hβ2/β3 = 3.10/2.56 Hδ1/δ2 = 7.35; Hε1/ε2 = 6.36
Tyr88 9.12 126.66 4.90 Hβ2/β3 = 3.61/3.40 Hγ2/γ3 = 2.67/2.62
Glu89 8.93 116.67 3.86 Hβ2/β3 = 2.24/2.15 Hγ2/γ3 = 2.29/2.17; Nε2 = 112.12; Hε21/ε22 = 7.40/6.70
Gln90 7.08 114.57 4.14 Hβ2/β3 = 1.91/1.83
Asp91 8.05 117.61 4.38 Hβ2/β3 = 2.68/2.48 Hγ2/γ3 = 2.02; Nε2 = 112.74; Hε21/ε22 = 7.40/6.45
Gln92 8.86 115.81 2.77 Hβ2/β3 = 1.94/1.88 Hγ2/γ3 = 1.16; Hδ2/δ3 = 1.44/1.28; Hε2/ε3 = 2.81; Hζ = −; Nζ = −
Lys93 8.49 119.39 4.96 Hβ2/β3 = 1.83* Hδ1/δ2 = 6.54; Hε1/ε2 = 6.31
Tyr94 9.16 119.79 5.74 Hβ2/β3 = 3.08/3.64
Ser95 8.32 118.57 4.52 Hβ2/β3 = 3.27/2.83 Hδ1/δ2 = 7.15; Hε1/ε2 = 7.11; Hζ = 7.26
Phe96 7.88 118.47 5.66 Hβ2/β3 = 2.75/1.78
Cys97 7.87 116.31 5.49 Hβ2/β3 = 3.18 Hγ2 = 1.18
Thr98 8.45 116.67 4.45 Hβ = 4.19
Asp99 8.41 122.52 4.66 Hβ2/β3 = 2.67 Hε1 = 8.56; Hδ2 = 7.30
His100 8.21 118.15 4.77 Hβ2/β3 = 3.26/3.18 Hγ2 = 1.14
Thr101 8.00 120.25 4.13 Hβ = 4.26
Chemical shifts are relative to DSS (see Materials and methods); (–)
indicates a resonance that could not be assigned or observed.
Nomenclature and indication of assignment ambiguity is similar to that
described by Markley et al. [1]. For example, Hβ2/β3 = 3.26/3.18
indicates two peaks at 3.26 ppm and 3.18 ppm were assigned
ambiguously to Hβ2 and Hβ3.
